Background: In randomized clinical trials, when treatments do not work equally effectively across stratifications of participants, observed event rates may differ from those hypothesized leading to deviations in estimated power. Objectives: To investigate the effect of distributions of baseline Expanded Disability Status Scale (EDSS) proportions in relapsing-remitting multiple sclerosis (RRMS) on the trial outcome, confirmed disability progression rate (CDPR), and power. Methods: We reported CDPRs in the CombiRx trial by baseline EDSS and by groups (1st (0, 1), 2nd (1.5, 2), 3rd (2.5, 3), and 4th (⩾3.5)) and investigated the effect of different combinations of baseline EDSS proportions on the trial outcome and power. Results: There were 244 (25.4%) participants in the 1st group, 368 (38.4%) in the 2nd group, 223 (23.3%) in the 3rd group, and 124 (12.9%) in the 4th group with CDPRs of 40.1%, 13.9%, 11.2%, and 16.9%, respectively. Both CDPR and power increased when the proportion of the 1st group increased in hypothetical trials with equal sample sizes in each arm, and a 10% increase in the 1st group led to a 5% increase in power. Conclusion: Various baseline EDSS proportions yielded different CDPRs and power, suggesting caution in interpretation of treatment effects across trials that enrolled participants with different proportions of baseline EDSS.
Introduction
The randomized, double-blinded, placebo-controlled design is widely accepted and used in Phase III multiple sclerosis (MS) clinical trials. 1 The typical fixed trial design is straightforward to plan and trials of this design can be accurately compared when the treatment works equally effectively across stratifications of participants (e.g. younger vs old, short disease duration vs long disease duration) or when the primary outcome occurs uniformly across the participants. 2 For example, if the treatment leads to the same changes in the Expanded Disability Status Scale (EDSS) regardless of disease duration, then the trial design is not concerned about the potential recruitment imbalance in terms of disease duration.
On the contrary, if disease duration matters, then at the planning stage, the proportion of participants with different disease durations should be taken into account to accurately estimate the power. Once a trial has begun, the proportions may need to be reestimated to ensure they are in accordance with what was planned. Otherwise, the trial may be underpowered and a type II error could occur, or the trial may be overpowered and a certain amount of resources and time would be wasted. However, when these key assumptions do not hold in a clinical trial, the estimates used for the trial outcome and the associated power may be off target and consequently lead to the trial being underpowered and the trial failing to detect benefits.
In this paper, we used the CombiRx data to investigate confirmed disability progression (CDP), an increasingly utilized outcome for MS clinical trials, stratified by baseline EDSS level. We demonstrate how violations of the key assumption of the same treatment effect for relapsing-remitting multiple sclerosis (RRMS) participants within the eligible EDSS range affect the trial outcome and power by varying the baseline EDSS proportions in the trial population.
Methods

Data source
The CombiRx trial was a Phase III double-blind, randomized, three-armed, multi-center treatment trial with 1008 RRMS participants comparing 50% of participants on combination therapy (interferon beta 1a and glatiramer acetate) versus 25% on each of the single agents with matching placebo. The duration of the primary study was 36 months. The study cohort included participants 18-60 years of age with a baseline EDSS score ⩽5.5. Details of the specific participant inclusion and exclusion criteria, description of the study design, baseline characteristics of the participants, and primary results have been reported previously. 3, 4 The CombiRx trial was approved by the applicable central or institutional review boards and the data and safety monitoring committee (DSMC) appointed by National Institutes of Health (NIH)/ National Institute of Neurological Disorders and Stroke (NINDS) before site initiation and recruitment of participants. Informed consent was obtained prior to any screening procedures or enrollment.
Primary outcome
We defined CDP as an increase in EDSS score over the baseline EDSS which was sustained for 6 months or three consecutive quarterly visits in CombiRx. 5 The increase in EDSS needed for CDP confirmation varied by baseline EDSS score, where a 1.5-point increase in EDSS from baseline was needed when the baseline EDSS was 0, a 1-point increase for baseline EDSS scores between 1 and 5, inclusively, and a 0.5-point increase when the baseline EDSS was greater than or equal to 5.5. The confirmed disability progression rate (CDPR) was defined as the number of participants with at least one CDP out of the total participants at risk, that is, the percent of participants with CDP at any time over the 3 years. The CDPR was used as the primary outcome for this investigation.
Statistical analysis
First, we described the CDPR in CombiRx by baseline EDSS. For simplicity of our arguments, we divided the study cohort into four groups by baseline EDSS scores: 1st (0, 1), 2nd (1.5, 2), 3rd (2.5, 3), and 4th (⩾3.5) and calculated the CDPR for each group. To determine whether the four groups differed, we used Pearson's chi-square test for categorical variables (CDPRs and sex) and analysis of variance (ANOVA) for continuous variables (age and total follow-up time). Logistic regression was used to test for differences in the CDPRs of the four groups while adjusting for disease duration and age at baseline. All analyses were conducted with SAS 9.4 (SAS Institute Inc., Cary, NC).
Trial outcome and power
Since all participants in the CombiRx trial were on treatment with small clinical differences in outcome event rates, we combined participants in the three treatment arms to be considered as a single treatment arm. To look at the effect of different proportions of baseline EDSS levels in a trial, we used four combinations of group proportions (Table 1) .
For each combination, we calculated the CDPR for the treatment arm. We assumed that an effective treatment would lead to a constant 30% reduction in CDPR over the placebo arm, and the distribution of baseline EDSS scores was equivalent in both arms in a trial with a balanced design (equal sample sizes in each arm) and then we calculated the CDPR of the placebo arm. Next, the absolute reduction in CDPR rate from the placebo arm was calculated for each combination.
Assuming a null hypothesis that the two CDPRs were equal, a type I error of 0.05 for a two-sided test, and a normal distribution for the difference in proportions, we then calculated the power for each hypothetical two-arm trial with 1:1 randomization ratio.
Results
Of the 1008 participants in the CombiRx trial, 959 (95.1%) stayed in the trial for at least 9 months and were eligible for calculating the presence or absence of CDP, the earliest potential time point being 3 months with 6-month confirmation and thus were used for this study. The mean total follow-up time and proportion of females were not significantly different between the four groups; however, the mean age was (p < 0.0001) ( Table 2) . As the EDSS level increased, the mean age of each group increased and all pairwise group comparisons were significantly different (all p ⩽ 0.001) ( Table 2 ). The CDPRs were higher in those participants with a baseline EDSS of 0 and 1 compared to the CDPRs for those with higher baseline EDSS levels ( Table 2 ). The overall CDPR over the 3-year period was 20.3%. Of the 959 participants, 244 (25.4%) belonged to the 1st group, 368 (38.4%) to the 2nd group, 223 (23.3%) to the 3rd group, and 124 (12.9%) to the 4th group, with CDPRs of 40.1%, 13.9%, 11.2%, and 16.9%, respectively. The CDPRs were significantly different among the four groups (p < 0.0001) and remained so (p < 0.0001) after adjusting for disease duration (p = 0.74) and age at baseline (p = 0.0185). For those in the 1st group, the odds (95% confidence interval) of CDP was 4.5 (3.0-6.7) times than those in the 2nd group, 6.0 (3.6-10.0) times than those in the 3rd group, and 4.0 (2.3-7.0) times than those in the 4th group. The odds of CDP were not significantly different among the 2nd, 3rd, and 4th groups.
Applying the CDPRs found in each group from the CombiRx trial to each combination of group proportions, the overall trial CDP increased as the proportion of participants from the 1st group increased (Table 1) . Assuming a constant 30% treatment effect, the absolute reduction in CDPR between the treatment and placebo arms also increased with increasing proportions of participants from the 1st group (Table 1) . A similar increase in power was observed between the different combinations of group proportions (Figure 1) . Given a sample size of 100 in each arm, trials with a combination of 40%, 30%, 20%, and 10% of participants had 43% higher CDPR and 48% more power than those with a combination of 10%, 20%, 30%, and 40%. From a different perspective, for a twosided test with type I error 0.05, type II error 0.2, and randomization ratio 1:1 to detect a 30% reduction in CDPR, a clinical trial with a combination of 40%, 30%, 20%, and 10% would require approximately 301 participants per arm; while the combination of 10%, 20%, 30%, and 40% would need about 493 per arm. While the differences in CDPR and power increased as participants from the 1st group increased, they remained approximately proportional over the increase in sample size (Table 1 and Figure 1 ). If the 1st group was excluded such that only 2nd, 3rd, and 4th groups were used, the CDPRs among these three more similar groups still varied and ranged between 11.2% of the 3rd group and 16.9% of the 4th group, a difference of 50% ((16.9-11.2)/11.2).
Discussion
In this study, we demonstrated that the CDPR varied by baseline EDSS level, indicating that the outcome of interest may occur unequally across stratifications of participants. Additionally, we showed that changing baseline EDSS proportions in the trial population would have yielded different CDPRs and thus affected the outcome and power (and correspondingly sample size) of a clinical trial. These facts provide a possible explanation for the differences in the primary outcomes observed across MS clinical trials with similar therapies despite the same or comparable inclusion and exclusion criteria. Different baseline EDSS level proportions may occur under a number of circumstances. For example, trials conducted in different regions may recruit disproportionally from various EDSS groups, especially if one region has a larger proportion of more disabled participants than the other. Small and shorter trials may recruit more from the prevalence pool, being pre-identified during the start-up and sustaining the disease for a relatively longer time with higher baseline EDSSs; while larger and longer trials may recruit more from the incidence pool, meaning more participants are newly diagnosed and being eligible for the trial with lower baseline EDSSs. These potential discrepancies in study cohorts are difficult to avoid by only implementing inclusion or exclusion criteria. These variations make the reproducibility of results, estimates of outcome events, and the sample size estimation for future trials based on previous trials challenging.
The variation in CDPR by baseline EDSS should also be considered when interpreting or generalizing clinical trial outcomes. Treatment effects demonstrated in clinical trials that enrolled larger proportions of participants with baseline EDSS levels 0 or 1 may have very different results from studies with fewer participants at these levels even though the entrance criteria were identical.
The differences in CDPR by baseline EDSS are also likely to affect sample size re-estimation at interim analyses for modern adaptive designs. An interim analysis where all or most of the participants enrolled had higher baseline EDSS (e.g. more disabled or from the prevalence pool) would then underestimate the CDPR and call for an increase in sample size. If the remaining originally planned number of participants enrolled had lower EDSS scores, then the added samples would not be needed as the CDPR would be closer to what was expected.
More frequently with the lack of head to head trials, across-trial comparisons are made using network analyses and indirectly adjusted comparative analyses. While these will continue to be done out of interest and necessity, our results suggest that the composition of baseline populations may have important impacts and even when adjustments are made on the mean values, the composition of participants even with the same mean can give rise to more or less CDPR and should be another cautionary note in the interpretation of aggregate across-trial comparisons.
There are some limitations of this study. Only one RRMS clinical trial was used to provide estimates of CDPRs, with patients having relatively short time from onset and there is a lack of information available from published RRMS study reports to cross-validate the CDPRs by baseline EDSS. However, the conclusions possess more general implications. As long as the primary outcome may be affected by the baseline characteristics (baseline EDSS in our study) or the treatment does not work equally effectively across stratifications of participant population, our conclusions apply. Additionally, there may be some uncertainty in the generalizability of these results to the progressive MS population. Still, the conclusions of this study apply and may be even more critical for planning primary progressive MS trials given that these trials can only recruit within a smaller EDSS range, typically 3.0-6.5. 6 Additionally, Harding et al. 6 demonstrated that recruitment of participants with only higher baseline EDSS may doom the trial to fail from the beginning, further emphasizing that in order to avoid failed trials due to design flaws it is important to know how the primary outcome may vary by baseline EDSS levels and then balance the enrollment by baseline EDSS levels accordingly.
Therefore, in planning clinical trials, performing comparisons across clinical trials or estimating and re-estimating sample size, adjustments should be considered not only for demographic characteristics but also for the distribution of the characteristics of interest in the population and not simply whether the mean levels are equal. With CDP as a primary, co-primary, or a secondary endpoint becoming more prevalent, 7 reporting of this endpoint by baseline EDSS level is needed. We examined several completed RRMS [8] [9] [10] [11] [12] clinical trials and tried to compare their CDPRs to those in CombiRx by baseline EDSS. However, CDPRs by baseline EDSS were not reported in any of those trials although the overall CDPRs in both the treatment and the control arms were available. [8] [9] [10] [11] [12] This lack of reporting CDPRs by baseline EDSS indicates potential underuse of this important information for planning trials, comparing effectiveness of various treatments, and conducting meta-analyses in RRMS. Additionally, the availability of CDPRs by baseline EDSS coupled with conducting interim analyses provides a potential way to verify the assumptions (i.e. planned power and treatment effects) for future trials. An interim analysis could provide estimates of the proportion of baseline EDSS levels recruited, then using the CDPRs from published study reports, the power and the treatment effect of the ongoing trial can be re-estimated and compared to the pre-planned ones in a blind fashion. If any of the two is deemed inaccurate, then adaptation can be taken to remedy the trial. Overall, our study advocates the necessity and urgency of providing CDPRs by baseline EDSS in future clinical study reports and for consideration of baseline EDSS in the planning of future trials in MS.
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